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We measure the correlation spectrum of the Hawking radiation emitted by an analogue black hole and find 
it to be thermal at the Hawking temperature implied by the analogue surface gravity.  The Hawking radiation 
is in the regime of linear dispersion, in analogy with a real black hole.  Furthermore, the radiation inside of 
the black hole is seen to be composed of negative-energy partners only.  This work confirms the prediction 
of Hawking’s theory regarding the value of the Hawking temperature, as well as the thermality of the 
spectrum.  The thermality of Hawking radiation is the root of the information paradox.  The correlations 
between the Hawking and partner particles imply that the analogue black hole has no analogue firewall. 
 
It was a profound realization that the entropy of a black hole [1] and Hawking radiation [2, 3] 
should have the same temperature, within a numerical factor on the order of unity.  It was further 
asserted that Hawking radiation should have a thermal spectrum, which creates an information 
paradox [4, 5].  Furthermore, it was proposed that the physics of Hawking radiation could be 
verified in an analogue system [6].  This proposal was carefully studied and developed 
theoretically [7-19].  Classical white and black-hole analogues were also studied experimentally 
[20-23], as well as a variety of other analogue gravitational systems [24-30].  The theoretical 
works, combined with our long-term study of this subject [14, 31-34], allowed for the 
observation of spontaneous Hawking radiation in an analogue black hole [35].  Several 
theoretical works studied our observation [35], and made predictions about the thermality and 
Hawking temperature [36-40].  During the years since our observation [35], we have made many 
improvements to the experimental apparatus.  This allows us to study the thermality of the 
Hawking spectrum, and compare its temperature with the prediction given by the analogue of the 
surface gravity.  In this work, we find that the spectrum of Hawking radiation agrees well with a 
thermal spectrum, and its temperature is given by Hawking’s prediction. 
 
The analogue black hole consists of a flowing Bose-Einstein condensate.  The flow velocity 𝑣out 
in the region 𝑥 < 0 is less than the speed of sound 𝑐out, as indicated in Fig. 1a.  This region 
corresponds to the outside of the black hole.  For 𝑥 > 0, the flow is supersonic (𝑣in > 𝑐in), 
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corresponding the inside of the black hole.  The sonic horizon, the point where 𝑣 = 𝑐, is located 
at 𝑥 = 0.  In the inside region, the sound cones are tilted to the extent that all phonons travel 
inward, away from the sonic horizon. 
 
Figure 1.  The Hawking and partner modes.  a.  A spacetime diagram showing the modes 
outgoing from the horizon.  In addition to the Hawking mode and negative-energy partner mode 
indicated by solid lines, the dashed line indicates the positive-energy mode which is 
copropagating with the flow in the comoving frame.  The partner and copropagating modes form 
a tilted sound cone inside of the analogue black hole.  The horizontal arrows indicate the flow of 
the condensate.  b-d.  Dispersion relations.  Circles are measurements from the oscillating 
horizon experiment.  The solid and dashed curves are fits of Bogoliubov spectra including a 
Doppler shift.  The dotted lines indicate the Hawking temperature.  b.  The dispersion relation 
outside the analogue black hole.  c.  The dispersion relation inside the analogue black hole.  The 
filled circles and solid curve indicate the negative-energy partner mode.  The open circles and 
dashed curve indicate the positive-energy copropagating mode.  𝑘max indicates the ultraviolet 
cutoff.  d.  The dispersion relation inside, in the “free-falling” comoving frame.  The black curve 
is the Bogoliubov dispersion relation.  The gray curve is the parabolic dispersion relation of a 
free particle. 
 
For an analogue black hole, the Hawking temperature is given by ℏ𝑔 2𝜋𝑐⁄  [6], where the 
analogue surface gravity is 𝑔 = 𝑐(𝑑𝑣 𝑑𝑥⁄ − 𝑑𝑐 𝑑𝑥⁄ ) [8], and the derivatives and 𝑐 are evaluated 
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at the sonic horizon.  For a stationary one-dimensional flow, 𝑛𝑣 is a constant, where 𝑛 is the one-
dimensional density.  We can thus write the Hawking temperature as 
𝑘B𝑇H = −
ℏ
2𝜋
(
𝑐
𝑛
𝑑𝑛
𝑑𝑥
+
𝑑𝑐
𝑑𝑥
)|
𝑥=0
      (1) 
Eq. 1 is the predicted temperature of the Hawking radiation in an analogue black hole.  It was 
derived using a linear dispersion relation, in analogy with massless particles emanating from a 
real black hole.  In a Bose-Einstein condensate, the dispersion relation is linear in the low-energy 
limit.  We should thus create an analogue black hole with sufficiently low Hawking temperature 
that the radiation is in the linear regime of the dispersion relation.  We can then test whether the 
emitted Hawking radiation obeys the prediction (1).  There are several theoretical works 
suggesting that this should be the case.  Using the analytical results of Ref. 12 for a system 
similar to the experiment, we find that (1) gives an accurate prediction for 𝑘B𝑇H ≲ 0.14 𝑚𝑐out
2 , 
where 𝑚 is the atomic mass.  The experiment is within this limit since 𝑘B𝑇H = 0.12 𝑚𝑐out
2 .  Ref. 
36 studies our previous experiment [35], and concludes that the spectrum should be accurately 
Planckian, and the temperature should agree with the relativistic prediction of Eq. 1 within 10%.  
Ref. 37 also studies our previous experiment and finds that the temperature is expected to be 
quite close to Hawking’s prediction (1). 
 
We test Hawking’s prediction (1) by measuring the spectrum of correlations between the 
Hawking and partner modes 〈?̂?H?̂?P〉, where ?̂?H and ?̂?P are the annihilation operators for Hawking 
and partner particles, respectively.  Fortunately, 〈?̂?H?̂?P〉 is largely free of background.  It 
represents correlations between the inside and outside of the black hole, and not many sources of 
such correlations come to mind, other than Hawking radiation.  In contrast, any source of 
excitations can add to the background of the population 〈𝑏H
† ?̂?H〉.  Indeed, the background of 
〈𝑏H
† ?̂?H〉 is the difficulty in observing Hawking radiation from a real black hole.  Since we work in 
the regime of low Hawking temperature and linear dispersion, we can use the 2 × 2 Bogoliubov 
transformation considered by Hawking, ?̂?H = 𝛼?̂?+ + 𝛽?̂?−
†  and ?̂?P = 𝛼?̂?− + 𝛽?̂?+
†
, where ?̂?+ and 
?̂?− are annihilation operators for positive and negative-energy incoming modes, respectively, 
|𝛼|2 = |𝛽|2 + 1, and |𝛽|2 = 1 (𝑒ℏ𝜔 𝑘B𝑇𝐻⁄ − 1)⁄  [2, 3].  This immediately gives 〈?̂?H?̂?P〉 = 𝛼𝛽 in 
the vacuum of incoming modes.  Thus, we will compare our measurement of |〈?̂?H?̂?P〉|
2
 to 
(|𝛽|2 + 1)|𝛽|2 where |𝛽|2 is the Planck distribution at the predicted Hawking temperature (1). 
 
The Hawking radiation is observed via the density-density correlation function 𝐺(2)(𝑥, 𝑥′) =
√𝜉out𝜉in 𝑛out𝑛in⁄ 〈𝛿𝑛(𝑥)𝛿𝑛(𝑥′)〉 [9, 10].  We have found that 〈?̂?H?̂?P〉 is readily extracted from 
𝐺(2)(𝑥, 𝑥′) by the relation [14]  
𝑆0〈?̂?H?̂?P〉 = √
𝜉out𝜉in
𝐿out𝐿in
∫ 𝑑𝑥 𝑑𝑥′𝑒𝑖𝑘H𝑥𝑒𝑖𝑘P𝑥
′
𝐺(2)(𝑥, 𝑥′)    (2) 
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where 𝑛out(in) is the density outside(inside) the black hole, 𝐿out(in) is the length of the 
outside(inside) region, 𝜉out(in) = ℏ 𝑚𝑐out(in)⁄ , 𝑥 and 𝑥’ are in units of the healing length 𝜉 =
√𝜉out𝜉in, and 𝑘H and 𝑘P are the wavenumbers of the Hawking and partner modes respectively, 
in units of 𝜉−1.   The integral is performed over the region in the correlation function bounded by 
−𝐿out 𝜉⁄ < 𝑥 < 0 and 0 < 𝑥′ < 𝐿in 𝜉⁄ .  The zero-temperature static structure factor is given by 
𝑆0 = (𝑈𝑘𝐻 + 𝑉𝑘𝐻)(𝑈𝑘𝑃 + 𝑉𝑘𝑃), where 𝑈𝑖 and 𝑉𝑖 are the Bogoliubov coefficients for the phonons, 
which are not related to the Bogoliubov coefficients introduced by Hawking.  It is natural that 𝑆0 
appears in (2) since the density amplitude of a phonon is proportional to √𝑆0 [32].  The only 
assumption in (2) is that modes with different frequencies are uncorrelated. 
 
The analogue black hole is created in a Bose-Einstein condensate consisting of 8000 87Rb atoms.  
The elongated condensate is confined in a focused laser beam (red-detuned, 𝜆 = 812 nm, waist = 
3.9 µm), propagating in the 𝑥-direction.  We measure the transverse trapping frequency by 
applying a short pulse of a magnetic field gradient, which excites a monopole oscillation.  We 
observe the oscillations as a function of time, giving a trapping frequency of 130 Hz at the focus 
of the laser.  The region 𝑥 < 0 is illuminated with an additional laser beam (blue-detuned, 𝜆 = 
442 nm), which creates a positive potential, as illustrated in the inset to Fig. 2a.  There is thus a 
downward potential step, a waterfall potential, near 𝑥 = 0.  The step potential moves at a 
constant speed, which is equivalent to the condensate flowing at a constant speed in the reference 
frame in which the step is stationary.  The condensate flows over the step, which accelerates the 
𝑥 > 0 part of the condensate to supersonic speeds.  The correspondingly lower density and speed 
of sound are seen in Figs. 2a and 2b.  In this region, a phonon traveling toward the step in the 
“free-falling” frame (the frame comoving with the fluid) travels away from the step in the 
laboratory frame.  The phonon is unable to reach the step, in analogy with a particle inside of a 
black hole.  Thus, the region of the step is analogous to the event horizon. 
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Figure 2.  The profile of the analogue black hole.  a.  The density.  The average of the 7400 runs 
of the experiment is shown.  The circle indicates the horizon.  The inset illustrates the step 
potential and the flow.  b.  The speed of sound by (3).  c.  The predicted Hawking temperature by 
(1).  Each point is computed from the average of 5 runs of the experiment.  The green and blue 
curves are the first and second terms in (1), respectively.  The black curve is the predicted 
Hawking temperature, the sum of the two terms. 
 
 
The experimental apparatus is that of Ref. 35, but with many improvements.  One such 
improvement is a magnetic field environment with lower noise, as a result of improved power 
supplies which activate the 6 sets of magnetic field coils.  This is important since static magnetic 
field gradients apply forces to the condensate via the Zeeman shift.  Since the condensate is 
rather decompressed and weakly trapped in the axial direction, it is very sensitive to such 
gradients.  In addition, 5 out of each 200 runs serve as reference images.  For these images the 
step potential is not applied and the power of the focused laser trap is reduced, which further 
increases the sensitivity to an axial magnetic field gradient or to a tilt resulting in a gravitational 
gradient.  The axial center of the reference images is found, and any axial shift is corrected by a 
slight fractional adjustment (≤ 3 × 10−4) of the current in one of the axial magnetic field coils.    
In addition, the optics has been improved, with reduced aberrations.  This includes the optics for 
creating and translating the waterfall potential, as well as for imaging.  Specifically, the system 
of lenses has been redesigned, and the acousto-optic modulator used to translate the waterfall 
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potential has been replaced by a rotating mirror.  Furthermore, there is improved mechanical 
stability in the magnetic field coils and optics.  In addition, the temperature of the room has 
improved long-term stability. 
 
The experiment is repeated 7400 times, giving a density profile 𝑛(𝑥) for each run.  The 
ensemble-averaged 𝑛(𝑥) is shown in Fig. 2a.  The circle indicates the location of the horizon.  
We find that the speed of sound 𝑐(𝑥) can be derived from 𝑛(𝑥) by the relation 
𝑐(𝑥) = √
2ℏ𝑎𝜔𝑟(𝑥)𝑛(𝑥)
𝑚
√
1+3𝑛(𝑥)𝑎/2
(1+2𝑛(𝑥)𝑎)3/2
−
ℏ𝜔𝑟0
2𝑈0
    (3) 
where 𝑎 is the scattering length, and 𝜔𝑟0 and 𝑈0 are the radial trapping frequency and potential 
depth respectively, at the laser focus.  The first factor in (3) is the usual expression for a quasi-
1D condensate with harmonic radial confinement.  The second factor reduces the speed of sound 
due to the transverse degree of freedom.  The first term in the square root in the second factor 
accounts for the finite density [41].  The second term accounts for the finite depth of the 
potential.  By (3), we obtain the ensemble-averaged 𝑐(𝑥) shown in Fig. 2b.  Furthermore, 𝑛(𝑥) 
and 𝑐(𝑥) are computed for the average of each 5 adjacent runs.  The predicted Hawking 
temperature is then computed by (1), as shown in Fig. 2c, where each point on the curves 
corresponds to one set of 5 runs.  The contributions of the first and second terms in (1) are 
indicated by green and blue curves, respectively.  The total is indicated by the black curve.  The 
average over the black curve gives a predicted Hawking temperature of 0.35 nK, or 0.12 𝑚𝑐out
2 . 
 
We compare the density fluctuations at a pair of points (𝑥, 𝑥’) in Fig. 2a over the ensemble of 
7400 runs.  Fig. 3a shows the resulting density-density correlation function for every pair of 
points.  The dark band extending from the center of the figure is the correlations between the 
Hawking and partner particles.  The angle of the band is 5.5º from the hydrodynamic angle.  The 
latter is derived under the assumption that the correlations propagate at the wave speeds 𝑐out −
𝑣out and 𝑣in − 𝑐in outside and inside the black hole, respectively.  The profile of the band in the 
𝑥’’ direction, averaged over the length of the band, is shown in Fig. 3b.  Figs. 3c and 3d show a 
numerical simulation employing the truncated Wigner method [10], using parameters similar to 
the experiment.  The results are seen to be similar to Figs. 3a and 3b.  The maximum near 𝑥’’ = -2 
in Fig. 3b was also apparent in a previous numerical simulation [13].  The green curve in Fig. 3c 
shows the hydrodynamic path of Hawking and partner modes which travel at 𝑐(𝑥) − 𝑣(𝑥) and 
𝑣(𝑥) − 𝑐(𝑥) outside and inside the black hole, respectively.  The red curve shows the Hawking 
and copropagating modes, where the latter propagates with speed 𝑣(𝑥) + 𝑐(𝑥).  It is seen that the 
simulation is consistent with the Hawking/partner pairs (green curve), rather than the 
Hawking/copropagating pairs (red curve), as expected. 
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Figure 3.  The measured Hawking radiation.  a.  The correlation function.  The band extending 
from the origin is the correlations between the Hawking and partner particles.  The green 
rectangle is the area used for the two-dimensional Fourier transform.  The dashed line indicates 
the hydrodynamic angle for Hawking/partner pairs.  b.  The profile of the correlation band along 
the 𝑥’’ direction in a.  c and d.  Numerical truncated Wigner simulations of a and b.  The green 
curve in c corresponds to Hawking/partner pairs.  The red curve corresponds to 
Hawking/copropagating pairs. 
 
 
We extract the correlations between pairs of Hawking and partner modes by the Fourier 
transform (2).  The Fourier transform is performed in the region outlined in green in Fig. 3a.  The 
resulting correlation pattern 𝑆0|〈?̂?H?̂?P〉| is shown in Fig. 4a.  We obtain a one-dimensional plot of 
𝑆0
2|〈?̂?H?̂?P〉|
2
 from the Fourier transform of the profile in Fig. 3b by the relation 𝑆0〈?̂?H?̂?P〉 =
√−tan𝜃 − cot𝜃 ∫ 𝑑𝑥′′𝑒𝑖𝑘𝑥
′′
𝐺(2)(𝑥, 𝑥′), where 𝜃 is the angle of the correlation feature in the 𝑥-𝑥′ 
plane, measured relative to the positive 𝑥-axis [35].  The resulting correlation spectrum is shown 
in Fig. 4b. 
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Figure 4.  The spectrum of the Hawking radiation.  a.  The pattern of Hawking/partner 
correlations, computed within the green rectangle of Fig. 3a.  The green circles indicate the 
Hawking/partner modes.  The red circles indicate the Hawking/copropagating modes.  The green 
and red circles are obtained from the driven oscillation experiment.  b.  The correlation spectrum 
of the Hawking radiation.  The solid curve and error bars are the measured values.  The dashed 
curve is the predicted thermal spectrum using the Hawking temperature from (1). 
 
 
We have thus measured the predicted Hawking temperature, as well as the correlation spectrum 
of Hawking radiation as a function of wavenumber.  In order to compare the two measurements, 
we need the relation between frequency and wavenumber, the dispersion relation.  The 
dispersion relation is readily measured by the technique we introduced [35].  Waves are 
generated by causing the position of the step potential to oscillate with an amplitude of 0.5 µm.  
This oscillation at the horizon creates outgoing waves inside and outside the analogue black hole.  
The resulting dispersion relations are shown in Figs. 1b and 1c.  The solid curves are fits of 
Bogoliubov dispersion relations including a Doppler shift, yielding 𝑐out = 0.52 mm sec
-1, 𝑣out = 
0.23 mm sec-1, 𝑐in = 0.31 mm sec
-1, and 𝑣in = 0.90 mm sec
-1.  The fit misses the two highest 
points of the negative-energy (partner) branch of the dispersion relation in Fig. 1c.  We can see 
the discrepancy more clearly by considering the frame which is comoving with the fluid inside 
the analogue black hole.  In this frame, waves traveling to the left and right have the same 
dispersion relation, as seen in Fig. 1d.  For larger 𝑘, it is seen that the measured points are not 
consistent with a spectrum of the Bogoliubov form.  A qualitatively similar effect was observed 
[32] due to the modes in the radial direction [42, 43], but the effect of these modes is much 
smaller and occurs at much higher frequency than seen here.  Rather, the outlying points in Fig. 
1c are likely due to off-resonant stimulation of the excitations near the ultraviolet cutoff 𝑘max. 
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Using the dispersion relation, we can express |𝛽|2 = 1 (𝑒ℏ𝜔 𝑘B𝑇𝐻⁄ − 1)⁄  as a function of 
wavenumber.  The resulting 𝑆0
2(|𝛽|2 + 1)|𝛽|2 is indicated by the dashed curve of Fig. 4b.  Very 
good agreement with the measured spectrum of Hawking radiation is seen, with no free 
parameters. 
 
For a given applied frequency, the oscillating horizon experiment gives us 𝑘out corresponding to 
the Hawking mode, and the corresponding value or values of 𝑘in corresponding to the partner 
and/or copropagating modes, depending on the frequency.  We indicate these measured pairs of 
modes (𝑘out, 𝑘in) as circles in Fig. 4a.  The green circles indicate the Hawking/partner modes, 
and the red circles indicate the Hawking/copropagating modes.  The correlation pattern of the 
Hawking radiation (the gray region) is seen to lay along the green circles.  The correlations are 
thus seen to be composed of Hawking/partner pairs, as expected.  Since there are no correlations 
along the red circles, no correlations between Hawking and copropagating modes are seen.  We 
can see that the experiment operates in the regime of linear dispersion since most of the 
correlations lay along the low-𝑘, linear section of the green circles.  This is also seen in Figs. 1b 
and 1c where the Hawking temperature indicated by the dotted line is in the linear section of the 
dispersion relations. 
 
This work gives a quantitative confirmation of the temperature and thermality of Hawking 
radiation.  These results were predicted in the literature for our system.  The Hawking 
temperature is an important link between Hawking radiation and black-hole thermodynamics, 
since it also arises from considerations of entropy.  The thermality of Hawking radiation suggests 
that one cannot obtain information about the inside of a black hole.  This is the basis of the 
information paradox.  The measurement is based on the correlations between the Hawking and 
partner modes.  These correlations are seen to be of the predicted magnitude.  Apparently, there 
is no analogue firewall at the horizon which would serve to reduce the correlations [44]. 
 
We thank the participants of the LITP Analogue Gravity Workshop for helpful conversations.  
We thank Iacopo Carusotto and Florent Michel for useful comments.  This work was supported 
by the Israel Science Foundation. 
 
 
1.  Jacob D. Bekenstein, Phys. Rev. D 7, 2333 (1973). 
2.  S. W. Hawking, Nature 248, 30 (1974). 
3.  S. W. Hawking, Commun. Math. Phys. 43, 199 (1975). 
4.  S. W. Hawking, Phys. Rev. D 14, 2460 (1976). 
5.  Robert M. Wald, Commun. Math. Phys. 45, 9 (1975). 
                                                          
10 
 
                                                                                                                                                                                           
6.  W. G. Unruh, Phys. Rev. Lett. 46, 1351 (1981). 
7.  L. J. Garay, J. R. Anglin, J. I. Cirac, and P. Zoller, Phys. Rev. Lett. 85, 4643 (2000). 
8.  Carlos Barceló, Stefano Liberati, and Matt Visser, Int. J. Mod. Phys. A 18, 3735 (2003). 
9.  Roberto Balbinot, Alessandro Fabbri, Serena Fagnocchi, Alessio Recati, and Iacopo 
Carusotto, Phys. Rev. A 78, 021603(R) (2008). 
10.  Iacopo Carusotto, Serena Fagnocchi, Alessio Recati, Roberto Balbinot, and Alessandro 
Fabbri, New J. Phys. 10, 103001 (2008). 
11.  Jean Macher and Renaud Parentani, Phys. Rev. A 80, 043601 (2009). 
12.  P.-É. Larré, A. Recati, I. Carusotto, and N. Pavloff, Phys. Rev. A 85, 013621 (2012). 
13.  A. Recati, N. Pavloff, and I. Carusotto, Phys. Rev. A 80, 043603 (2009). 
14.  Jeff Steinhauer, Phys. Rev. D 92, 024043 (2015). 
15.  T. A. Jacobson and G. E. Volovik, Phys. Rev. D 58, 064021 (1998). 
16.  Ralf Schützhold and William G. Unruh, Phys. Rev. Lett. 95, 031301 (2005). 
17.  S. Giovanazzi, Phys. Rev. Lett. 94, 061302 (2005). 
18.  I. Zapata, M. Albert, R. Parentani, and F. Sols, New J. Phys. 13, 063048 (2011). 
19.  J. R. M. de Nova, D. Guery-Odelin, F. Sols, and I. Zapata, New J. Phys. 16, 123033 (2014). 
20.  Silke Weinfurtner, Edmund W. Tedford, Matthew C. J. Penrice, William G. Unruh, and 
Gregory A. Lawrence, Phys. Rev. Lett. 106, 021302 (2011). 
21.  Germain Rousseaux, Christian Mathis, Philippe Maissa, Thomas G. Philbin, and Ulf 
Leonhardt, New J. Phys. 10, 053015 (2008). 
22.  L.-P. Euvé, F. Michel, R. Parentani, T. G. Philbin, and G. Rousseaux, Phys. Rev. Lett. 117, 
121301 (2016). 
23.  Leo-Paul Euvé, Scott Robertson, Nicolas James, Alessandro Fabbri, and Germain 
Rousseaux, arXiv:1806.05539 (2018). 
24.  Thomas G. Philbin, Chris Kuklewicz, Scott Robertson, Stephen Hill, Friedrich König, and 
Ulf Leonhardt, Science 319, 1367 (2008). 
25.  F. Belgiorno, S. L. Cacciatori, M. Clerici, V. Gorini, G. Ortenzi, L. Rizzi, E. Rubino, V. G. 
Sala, and D. Faccio, Phys. Rev. Lett. 105, 203901 (2010). 
26.  W. G. Unruh and R. Schützhold, Phys. Rev. D 86, 064006 (2012). 
27.  Stefano Liberati, Angus Prain, and Matt Visser, Phys. Rev. D 85, 084014 (2012). 
28.  H. S. Nguyen, D. Gerace, I. Carusotto, D. Sanvitto, E. Galopin, A. Lemaître, I. Sagnes, J. 
Bloch, and A. Amo, Phys. Rev. Lett. 114, 036402 (2015). 
29.  Theo Torres, Sam Patrick, Antonin Coutant, Mauricio Richartz, Edmund W. Tedford, and 
Silke Weinfurtner, Nature Phys. 13, 833 (2017). 
30.  S. Eckel, A. Kumar, T. Jacobson, I. B. Spielman, and G. K. Campbell, Phys. Rev. X 8, 
021021 (2018). 
31.  Oren Lahav, Amir Itah, Alex Blumkin, Carmit Gordon, Shahar Rinott, Alona Zayats, and 
Jeff Steinhauer, Phys. Rev. Lett. 105, 240401 (2010). 
32.  I. Shammass, S. Rinott, A. Berkovitz, R. Schley, and J. Steinhauer, Phys. Rev. Lett. 109, 
195301 (2012). 
33.  R. Schley, A. Berovitz, S. Rinott, I. Shammass, A. Blumkin, and J. Steinhauer, Phys. Rev. 
Lett. 111, 055301 (2013). 
34.  Jeff Steinhauer, Nature Phys. 10, 864 (2014). 
35.  Jeff Steinhauer, Nature Phys. 12, 959 (2016). 
36.  Florent Michel, Jean-François Coupechoux, and Renaud Parentani, Phys. Rev. D 94, 084027 
(2016). 
11 
 
                                                                                                                                                                                           
37.  Antonin Coutant and Silke Weinfurtner, Phys. Rev. D 97, 025006 (2018). 
38.  Alessandro Fabbri and Nicolas Pavloff, SciPost Phys. 4, 019 (2018). 
39.  Iacopo Carusotto and Robert Balbinot, Nature Phys. 12, 897 (2016). 
40.  Scott Robertson, Florent Michel, and Renaud Parentani, Phys. Rev. D 96, 045012 (2017). 
41.  L. Salasnich, A. Parola, and L. Reatto, Phys. Rev. A 69, 045601 (2004). 
42.  J. Steinhauer, N. Katz, R. Ozeri, N. Davidson, C. Tozzo, and F. Dalfovo, Phys. Rev. Lett. 
90, 060404 (2003). 
43.  C. Tozzo and F. Dalfovo, New J. Phys. 5, 54 (2003). 
44.  Ahmed Almheiri, Donald Marolf, Joseph Polchinski, and James Sully, J. High Energy Phys. 
62 (2013). 
